We have constructed new shuttle vectors to facilitate the screening of recombinant plasmids after direct transformation of yeast cells. The vectors are pBluescript-based shuttle vectors in which the 1ucZ marker has been replaced by an analogous system based on the Saccharomyces cerevisiae URA3 gene. DNA fragments are inserted in a polylinker located after the beginning of the URA3 coding sequence. Transformants are selected either by Trp or Leu prototrophy. Plasmids bearing an insert are selected by growth on Sfluoro-erotic acid (SFOA), a uracil analog toxic to cells containing a functional URA3 + gene (thus, this method requires the recipient strain to be ura3 -); only cells containing a plasmid with an insert that disrupts the functional continuity of the URA3 gene can grow on medium containing 5-FOA. Using these plasmids, we were able to directly reclone the ACEI gene from genomic DNA by directly transforming a strain deleted for ACEI. These vectors can be used for a variety of purposes including rapid cloning of genes by complementation or expression of fusion genes driven from the URA3 promoter.
INTRODUCTION

Complementation
of mutations which exhibit specific phenotypes is a common method used to clone genes in the yeast S. cerevisiue. Unlike recessive alleles, however, it is dificult to clone genes containing dominant mutations by this method. This usually requires the construction of a genomic DNA bank in Escherichia coli derived from the mutant strain, subsequent transformation of a wild-type yeast strain and then screening for the appearance of the mutant phenotype. Construction of such genomic banks is a time-consuming procedure primarily due to the intermediate step in E. coli. The potential toxicity of some yeast genes in E. coli could also present difficulties in cloning specific yeast sequences. Direct transformation of yeast cells with a ligation mixture containing a vector and genomit DNA from the mutant strain could be a rapid and convenient way of cloning. However, the vector must contain a marker to select for recombinant plasmids in yeast to monitor the insertion efficiency of DNA fragments into the vector.
The URA3 gene (Rose et al., 1984) is ideal for the development of such a selection system. In the presence of SFOA, URA3 + cells perish, whereas uru3 cells remain viable (Boeke et al., 1984) . Disruption of the URA3 gene by insertion of a DNA fragment at the beginning of the coding sequence should, in most cases, inactivate the gene, allowing growth on 5-FOA and providing an easy selection for recombinant plasmids. This can be performed only by transforming yeast strains that have a nonfunctional URA3 gene (ura3 -strains). This scheme is similar to the disruption of the a-peptide of B-galactosidase used in the pUC-derived vectors (Yanisch-Perron et al., 1985) , however, it provides the additional advantage of a positive selection for recombinant plasmids. We thus have introduced a pBluescript polylinker (Stratagene, La Jolla, CA) at the beginning of the URA3 coding sequence and replaced the IacZ cassette with this modified URA3 gene in some of the shuttle vectors of the pRS series (Sikorski and Hieter, 1989) . We have demonstrated the utility of these vectors by recloning the S. cerevisiae ACE1 gene. 
(a) Plasmid construction
As described in Fig. 1 , we have introduced, in frame, the pBluescript polylinker in the fifth codon of the URA3 gene. A DNA fragment encompassing this modified URA3 gene was then introduced into several vectors of the pRS series (kindly provided by Dr. P. Hieter; Sikorski and Hieter, 1989) replacing the IacZ sequences. The resulting plasmids are described in Fig. 2 . DNA insertion can be carried out in high-copy (2~, ori) or low-copy (ARS-CEN) vectors with Trp or Leu prototrophy selections. All of these plasmids contain numerous restriction sites for cloning including a BamHI site for insertion of DNA fragments generated with Sau3AI and a SmaI site for cloning blunt-ended DNA fragments.
.' The composition of the media is described in Guthrie and Fink (1991) .
b Cells from strain DTY67 (MATo! @l-l IeuZ-3-I 12 ura3-50 gall his cupl' acel-A225; D.J.T., unpublished result) were rendered competent with the lithium acetate method (Ito et al., 1983) . They were transformed with 12 pg of plasmid DNA and then aliquoted into three parts. Each fraction was then plated on three different SC media as indicated in the various strains when compared to the plasmids from the pRS series (data not shown). For strain DTY67, this efficiency ranged between 300-1000 transformants per pg of plasmid DNA. The number of false-positive colonies that grew on medium containing 5-FOA after transformation with the uncut plasmids was very low (Table I) .
(c) Recloning of ACEI (b) Transformation efficiency
To test whether the modified URA3 protein produced by these vectors retains its function, we transformed strain DTY67 (D.J.T., unpublished results) with four plasmids. Table I summarizes the results. Clearly, the modified URA3 gene is functional since it confers uracil prototrophy and 5-FOA sensitivity. Furthermore, we have not observed any decreases in transformation efficiency with these vectors in
The ACE1 gene of S. cerevisiae is involved in the induction of metallothionein-encoding gene transcription in response to exogenous Cu2+ ions (Thiele, 1988) . Strains with a deletion of ACE1 are sensitive to lower Cu2+ concentrations than strains bearing an intact ACE1 gene (Butler and Thiele, 1991) . This system provided a good opportunity to test our vector system. Fig. 1 . Sequence of the modified URA3 coding region. The URA3 gene was modified by conventional techniques (Ausubel et al., 1987) in two steps.
(1) Introduction of a Sac1 site followed by a KpnI site (bold face) by site-directed mutagenesis after the second nt of the fifth codon of the URA3 coding sequence. (2) Fig. 2 . Structure of the plasmids from the pPSG series. Construction of these plasmids was carried out by using conventional techniques (Ausubel et al., 1987) . The 1216-bp HindHI-SmaI fragment encompassing the modified URA3 gene was blunt-ended with PolIk and cloned into the PvuII sites of pRS314, 3 15,424 and 425 (Sikorski and Hieter, 1989) Insert DNA" (pg) 0 1 2 3 4 5 10
Number of transformants" Cu* + -resistant colonies' 100 nd 1000 2500 5000 5000 5000 1500 0 0 0 0 3 1 " All DNA manipulations were carried out according to standard methods (Ausubel et al., 1987) .
b Vector DNA was pPSGD cut with BumHI (see Fig. 2 ).
' Genomic DNA from strain DTY22 (MATa his6 ura3-52 leu2-3, -112 ACEZ CUPZRm3; Thiele, 1988) was purified and then digested with BumHI.
Increasing amounts of this digested DNA were ligated with 3 pg of BumHI-cut pPSGD.
d The ligation mixtures were used to transform strain DTY59 (MATa his6 leu2 ura3-52 acel-A225 CUP1 R-3. Butler and Thiele, 1991) using the lithium , acetate method (Ito et al., 1983) . Cells were plated on synthetic complete medium lacking leucine and containing 5-FOA at a concentration of 1 mg/ml. Transformants were counted after two days of incubation at 30°C. r Transformant colonies were replica-plated to SC plus 100 pM CuSO,. nd, not determined.
reclone the ACE1 gene from genomic DNA. An aceldeletion strain was directly transformed with genomic DNA fragments of an ACEI strain ligated into the pPSGD vector. The transformation efficiency was approx. 2500 transformants per pg of uncut plasmid DNA which is typical for this strain transformed with plasmids from the pRS series. The number of transformants per ligation mixture
showed an optimum for a given ratio of insert vs. vector DNA, reflecting an optimum for the ligation reaction. Approximately 20 000 independent transformants were obtained with the DNA from the ligation mixture. The average size of the inserts was estimated to be 46 = 4096 bp. Given the yeast genome size (14 x lo6 bp), this bank thus represented five yeast genome equivalents. Transformants were then replica-plated onto SC medium containing 100 PM CuSO,. Four Cu2+ -resistant isolates were recovered after one day of growth at 30' C, consistent with the number expected based upon the estimated genome equivalents of the library. Confirmation that the four Cu2 + -resistant isolates contained plasmids with the expected insert was then determined by restriction mapping after transfer of the plasmids to E. coli or by Southern blotting. Transformants in the control ligation without any genomic DNA probably arose from integration of residual unligated vector DNA as well as vector incorrectly religated.
The complete procedure took fewer than ten days with no intensive work from the DNA isolation up to the recovery of the plasmids in E. coli. The critical step in these experiments is the transformation efficiency of the recipient strain. This can easily be overcome by using more plasmid and genomic DNA, and transforming with a range of ligation reactions as performed in the cloning of ACEI. For the recovery of new genes or mutant alleles, standard procedures can be used to construct libraries. Genomic DNA can be cleaved with Suu3AI restriction enzyme, and the larger fragments (4-20 kb) purified and ligated in the BamHI site of the pPSG vectors. This favors the likelihood that only large and random genomic DNA fragments are represented.
(d) Conclusions
(1) We have constructed new shuttle vectors with a URA3-based selection which allow direct screening of recombinant plasmids after transformation in S. cerevisiue. These plasmids can be recovered in E. coli and contain several convenient restriction sites for cloning. The bacteriophage Fl origin of replication is present for the isolation of single-stranded DNA and for subsequent sequencing or mutagenesis of the insert DNA.
(2) Recloning of the ACEI gene verified the utility of these vectors for the direct cloning of genes by complementation in yeast. These vectors can be used for several purposes such as rapid cloning of genes from expression libraries including genomic banks from S. cerevisiae or closely related organisms and cDNA banks. The positions of the XhoI and EcoRI sites allow the directed cloning of cDNAs in an orientation appropriate for expression. These new vectors are particularly useful for the cloning of dominant mutant alleles of yeast genes because their use avoids the time-consuming cloning step in E. coli. This also allows one to retrieve sequences that may be toxic in E. coli. These vectors can also be used for the expression of fusion proteins driven from the URA3 promoter or for the construction of yeast promoter-URA3 fusions for use in selections for transcriptional regulatory defects.
